The implementation of continuous flow in paper-based analytical devices (PADs) was challenging because of the largevolume introduction that was created; but this allowed for the development of novel types of PADs for preconcentration, separation, and sensitive detection. In this study, pump-free continuous flow was applied to a distance-based PAD for the determination of iron ions. Continuous flow enabled the introduction of a volume that exceeded what was necessary to fill the hydrophilic channel of a PAD. Thus, this continuous-flow method significantly improved both the limits of detection (LOD) and the limits of quantification (LOQ) for a distance-based PAD by increasing the sample volume that could be introduced into the PAD. The values for LOD and LOQ were 20 and 26 ppb, respectively, which were more than 150-times lower than that obtained using a small sample volume (50 μL), and were comparable to those of inductively coupled plasma-atomic emission spectrometry. The continuous-flow technique was applicable to the determination of iron ions at levels of several tens of ppb in natural water without preconcentration.
Introduction
Recent advances in paper-based analytical devices (PADs) have resulted in excellent performance in facilitating portability and reducing the cost for chemical analyses. 1 In the past decade, much effort has been focused on achieving point-of-care testing (POCT) and on-site analysis using PADs. For example, to gain an advantage in portability, smartphones now play alternative roles as scanners, cameras, light detectors, and image processors, 2, 3 and these devices may limit the use of PAD analysis in laboratories. [4] [5] [6] [7] [8] Although miniaturization of the detection system may also be useful for POCT and on-site analysis, battery-free detection would be even more attractive in field analyses.
Detection methods suitable for POCT and on-site analysis should allow for the discrimination of a color change via visual judgment. These techniques include time-based, [9] [10] [11] [12] distancebased, [13] [14] [15] [16] and titration-based detection. [17] [18] [19] Philips and coworkers demonstrated time-based detection using an enzymatic reaction wherein a color change took place at different times depending on the concentration of the analyte. 9, 10 Conversely, some research groups have developed distance-based PADs that permit the quantitation of analytes without the use of either a scanner or a digital camera, since the amount of the analyte could be determined by reading the distance of the color bar evolving on the PAD. [13] [14] [15] [16] Zhang and coworkers employed both the time and the number of the detection zones that changed color. 11, 12, 20 We also reported that titrimetric PADs where the endpoint is judged using only the naked eye to count the number of detection zones. 15, 17 The method of counting the number of detection spots was also applied to a quantitative immunoassay. 21 One of the most serious problems with PADs is detectability, which is poorer than that in conventional spectrophotometry. To solve this problem, sensitive detection methods, including electrochemistry, [22] [23] [24] [25] [26] chemiluminescence, [27] [28] [29] and electrochemiluminescence [29] [30] [31] have been coupled with PADs. Although these detectors can be potentially miniaturized by sophisticated technologies, batteries are absolutely necessary to drive the detectors.
Another option to enhance detectability would be preconcentration in a PAD, although there are only a few examples of preconcentration using a PAD or coupling a PAD with a batch method of solid-phase extraction. A PAD for preconcentration was demonstrated using a heater to evaporate the solvent at the end of a paper strip. 32 A sample solution penetrates the paper strip continuously via the capillary force, and then it evaporates at the heating area where the analytes accumulate. However, this technique requires a heater, which necessitates a small battery to drive the heater. In addition, the heating method may be unsuitable for analytes that are susceptible to heat. A batch preconcentration method was also coupled with a PAD for determining lead ions in water samples, and a peristaltic pump was required to flow a sample solution, which means a battery would be required for the preconcentration process. 33 As the use of the preconcentration method demonstrates, expanding the analytical technique via the implementation of continuous-flow PADs is challenging. This explains why examples of continuous flow are limited in the literature, whereas there are many reports on delayed flow using PADs.
Highly Sensitive Paper-based Analytical Devices with the Introduction of a Large-Volume Sample via Continuous Flow
In general, extra channels are required in a PAD to generate a steady flow, and a paper-based flow fractionation was achieved by fabricating a straight channel divided into multiple daughter channels, each of which was connected with an expanded region having a large area. 39 The expanded regions absorb a great amount of water via the capillary force, and the steady flow continues for 10 min without any external pumping devices. Recently, a quasi-steady flow was generated using a fan-shaped geometry connected to an analysis channel, whereby a solution could be pulled through the detection channel into a large reservoir with a fan shape. 40 In these examples, however, the flow volume is limited by the volume that can be absorbed by the additional channels.
In this study, continuous flow was generated in two ways. The first employed spontaneous evaporation of the solvent, and the second used blotting paper to absorb water. The use of water-absorbent materials to generate a continuous flow was more recently demonstrated during the preconcentration of zinc ions. 41 These continuous-flow methods were employed to improve the sensitivity of a distance-based PAD in the present study. The distance-based PAD permitted the introduction of a sample solution of up to 1 mL, which was 20-fold larger than the sample volume in the conventional method. A significant improvement in both the limits of detection (LOD) and in the limits of quantification (LOQ) for the distance-based PAD was achieved using the continuous-flow technique since the absolute amount of the analyte is proportional to the volume of the sample. The LOD and LOQ were comparable with a sophisticated instrumental analysis, such as inductively coupled plasma-optical emission spectroscopy when the sample volume was increased to 1 mL. In addition, placing stacked pieces of blotting paper on the flow channel shortened the time required to transport a large volume sample.
Experimental

Materials
All reagents were of analytical grade and were used without further purification. Deionized water was prepared by means of an Elix water-purification system (Millipore Co., Ltd., Molsheim, France). Bathophenanthroline, 2-propanol, L-ascorbic acid, and an iron(III) standard solution (1000 ppm) were obtained from Wako Pure Chemicals (Osaka, Japan). Acetic acid was purchased from Kanto Chemicals (Tokyo, Japan). A Sylgard ® 184 silicone elastomer kit was purchased from Dow Corning Toray (Tokyo, Japan). The reagent solution contained 1 (wt/v)% of L-ascorbic acid, 10 mM bathophenanthroline, and 20 mM acetate buffer (pH 4.5) in a 95% 2-propanol and 5% water solution. A solution added to a pretreatment zone was prepared by dissolving 5 g of L-ascorbic acid in 100 mL of water (5 (wt/v)%). For the continuous-flow method, a solution containing 0.1 (wt/v)% of L-ascorbic acid and 1 M acetate buffer (pH 4.5) was directly added to a sample reservoir with 1 mL of a sample solution. Two types of chromatographic paper were employed as blotting paper (Whatman 31ET CHR (thickness, 0.50 mm) and 17CHR (thickness, 0.92 mm), GE Healthcare, UK).
Fabrication of PAD
Two types of the distance-based PADs were designed using Microsoft Office Power Point 2013. These were similar to that developed by Henry's group 14 with a slight modification (Figs. 1(a) and 1(b)). The designed PADs were printed on a sheet of filter paper (200 × 200 mm, Chromatography Paper 1CHR, Whatman, GE Healthcare) using a wax printer (ColorQube 8580N, Xerox, CT, USA), followed by heating at 120 C for 1.5 min in a drying machine (ONW-300S, AS ONE Corp., Osaka, Japan). The reagent solution was then printed 5 times using an ink-jet printer (PIXUS, iP2700, Canon, Tokyo, Japan) according to a method reported by Henry's group and also by Citterio's group. 14, 42 The entire surface of the backside and the injection zone of the front were laminated using a laminator (NEL-101A4, Nakabayashi, Tokyo, Japan). The injection zone was punched with a disposable biopsy punch (5 mm, Kai Industries, Gifu, Japan), and the backside of the punched injection zone was covered with clear tape.
The continuous-flow PAD was constructed as follows. A polydimetylsiloxane (PDMS) block was prepared using a Sylgard ® 184 silicone elastomer kit. A pre-polymer base and a cross-linking curing agent were mixed at a ratio of 10:1. The mixture was poured into a polystyrene dish, degassed in a vacuum desiccator, and then cured at 70 C for 3 h on a hot plate. The PDMS was cut into 15 × 15 mm blocks with one side covered by double-face adhesive tape that was impermeable to water. A hole was then punched into the PDMS block using the 5 mm disposable biopsy punch, and the double-face adhesive tape fixed the block onto the injection zone of the PAD. A 1-mL micropipette tip was inserted into the hole of the PDMS block to introduce 1-mL of a sample solution ( Fig. 1(c) ). A 3D printer (da Vinci Jr. 1.0w, XYZ Printing Japan, Tokyo, Japan) was used to fabricate a holder to fix blotting paper to the PAD. The holder consisted of a mounting, a cover, and a screw that pressed pieces of blotting paper. A photo of the holder with the PAD and blotting paper is shown in Fig. 1(d) .
An inductively coupled plasma-optical emission spectrometer (ICP-OES, Vista Pro, Seiko Instruments Inc., Tokyo, Japan) was employed to evaluate the results obtained by the PAD. The ICP-OES manual reports a LOD of 0.4 ppb for Fe.
Practical samples
Tapwater obtained from our laboratory and hot spring water were employed as practical samples. Hot-spring water samples were obtained at different sources in Okayama prefecture, Japan. Samples 1 and 2 were collected from two sites at Yunogo hot spring, and samples 3 and 4 were collected from two sites at Okutsu hot spring. One milliliter of 1 M nitric acid solution was added to a 100-mL volumetric flask, and then hot spring water was added until the volume reached a marked line of the volumetric flask. Thus, the samples contained 0.1 M nitric acid and 99(v/v)% hot spring water.
Results and Discussion
In a preliminary study, the performance of the PAD developed by Henry's group was evaluated by adding 50 μL of a sample solution into the injection zone of a PAD. The LOD was 3 ppm, as defined by the lowest measurable concentration showing a color band with a minimum length of 1 mm from the beginning of the detection channel, which was consistent with the reported values.
14 However, we found that the LOD could be improved by adding ascorbic acid into the sample solution. This fact implied that the amount of ascorbic acid added to the reagent zone and the channel was insufficient to reduce Fe 3+ to Fe 2+ , probably due to a flushing of the ascorbic acid from the reagent zone by the sample solution. When 20 μL of a 0.1 (wt/v)% ascorbic acid solution containing 1 M acetate buffer (pH 4.5) was added to a sample solution of 1 ppm Fe 3+ , the colored band became clear and increased in length (Fig. S1 , Supporting Information).
According to these results, 20 μL of the ascorbic acid solution (0.1 (wt/v)% in 1 M acetate buffer) was added to the sample reservoir soon after introduction of the sample solution in the continuous-flow method. Initially, different volumes of 600 ppb Fe 3+ solution and 20 μL of the ascorbic acid solution were introduced into the sample reservoir to confirm that the continuous-flow method could improve the sensitivity. No premixing was required, since the flow rate was slow enough to homogenize the solution in the sample reservoir. The mixed solution flowed into the PAD spontaneously by the capillary force, and then continuously flowed as water evaporated from the surface of the channel. When the injection volume was varied from 50 μL to 1 mL with the addition of the ascorbic acid solution, the colored band increased as the injection volume was increased, as shown in Fig. 2 , which allowed us to control the sensitivity of the distance-based PAD by changing the injection volume. The time to flow 1 mL of the sample solution was more than 12 h although the time depended on the temperature (in general, 22 -27 C) and humidity of the room (the time ranged from 9 to 12 h).
According to the results in Fig. 2 , we evaluated the quantitative performance when 1 mL aliquots of the Fe 3+ standard solution were introduced into the PAD in concentrations that ranged from 20 to 1000 ppb. Figure 3 . The length of the colored band was determined by measuring from the outside of the hole in the injection zone to the front edge of the band. As Fig. 3(a) shows, 20 ppb was distinguishable from the blank, whereas the blank also showed a short red band. The standard deviation of the blank, σb, was 0.3 mm for five measurements, so we defined the LOD and the LOQ as the concentrations that gave band lengths that corresponded to 3σb and 10σb, respectively. Therefore, the LOD and the LOQ for the continuous-flow method were 20 and 26 ppb, respectively, which was more than 40 -200 times lower than the other PADs for the determination of Fe with colorimetry. [43] [44] [45] When a blank signal originated from a trace amount of Fe, the concentration of Fe in the blank was estimated to be 9.7 ppb from the x-intercept for a straight line within a range of from 0 to 60 ppb, as shown in Fig. 3(b) . The blank solution was also analyzed via ICP-OES to confirm that it contained Fe. The results of ICP-OES indicated that the blank solution contained 7.5 ppb Fe (Fig. S2, Supporting Information) , which was in good agreement with that obtained by the PAD.
The origin of Fe in the blank solution was attributed to contamination from the air in the laboratory, from reagents, and from labware. In fact, even in a clean room, trace amounts of Fe should be determined using highly purified reagents.
46, 47 Itao et al. reported that water and nitric acid with ultra-high purity were contaminated during the concentration process in both a conventional chemical laboratory and a clean room. 48 The contaminated water contained 2.4 ppb of Fe in the conventional chemical laboratory and 1.3 ppb in the clean room. Therefore, it is reasonable that the blank solution contained a trace amount of Fe that amounted to levels of several ppb. This means that the present method is extremely sensitive, which is adventitious but concentrations at a level of several ppb are difficult to determine in the field, and also in conventional laboratories due to serious contamination. However, the PAD is practical for use in field analysis, since several ppb levels of Fe cannot be determined inherently, even by ICP-OES in conventional laboratories.
Interference from other heavy metal ions was examined using solutions containing 1 ppm of Fe 3+ and 1 ppm of each of the metal ions listed in Table 1. As Table 1 shows, Ni(II) and Cu(II) showed positive interference, resulting in recoveries of 142 and 122%, while interference from other metal ions was insignificant. The concentrations of these metal ions in drinking water are, in general, lower than 1 ppm, according to the values defined by the Health, Labour, and Welfare Ministry of Japan. 49 Furthermore, the concentration of Fe must be less than 300 ppb, which is within the range determined by the present method. Therefore, the PAD could be employed for the determination of Fe in drinking water and natural water without interference.
As demonstrated using the standard solutions, the proposed method permits the determination of Fe at levels of several tens of ppb, which would be applicable to the determination of Fe in natural water samples. The results for the determination of Fe in tap water and hot spring water collected at different sources are shown in Table 2 . These concentrations were too low to be determined via PADs with colorimetric detection. [43] [44] [45] The sample solutions were directly introduced into the PADs whereas filtered samples were employed for ICP-OES measurements. As shown in Table 2 , the results of the PADs agreed well with those obtained by ICP-OES, with the noted exceptions of sites 3 and 4, which were collected from the same hot spring. This implies that these samples contained some interference that caused false negatives.
However, the continuous-flow method is obviously applicable to the determination of Fe at low concentration levels that cannot be determined by the previously reported PADs, although the origin of the deviations for sites 3 and 4 was not identified.
The sensitivity was significantly improved, but a great deal of time was required to flow 1 mL of a sample. Thus, pieces of blotting paper were placed in the detection zone in order to generate an active flow, which is similar to the method employed in lateral-flow immunoassay devices. 50 When two types of chromatographic paper were examined, thicker paper (0.92 mm) was more efficient at increasing the flow rate compared with the flow rate using thin paper (0.50 mm). When three pieces of blotting paper were placed at least 6 cm away from the inlet of the PAD, the time to flow 1 mL of a sample solution was reduced to 570 min, which meant that the flow rate was increased roughly 1.5-fold that of spontaneous evaporation. No difference in the reproducibility of the distance was found between the spontaneous evaporation and the active flow when using the pieces of blotting paper. Therefore, the blotting paper increased the flow rate in PADs without the use of a pumping system. Table 3 shows the relationship between the channel length and the time required to flow 1 mL of water with blotting paper. The pieces of blotting paper were placed at 1, 3, and 6 cm away from the injection reservoir. The results given in Table 3 show that the time required to flow 1 mL of water reduces as the channel length decreases. When the channel length is 1 cm, the time is reduced to less than one-third of that without blotting paper. Therefore, the blotting method is obviously useful for increasing the flow rate in PADs with no pumping system, but control of the flow rate seems difficult. This technique could potentially be applied to other functional PADs, such as preconcentration and flow analysis.
Conclusions
Here, we reported on a method to flow a solution continuously in a PAD using a spontaneous evaporation method and a blotting paper method. The continuous-flow method significantly improved the LOD and LOQ of the distance-based PAD to values as low as those found when using ICP-OES. Blotting paper efficiently increased the flow rate by 1.5-fold, and an active flow was generated in the PADs. This technique could be employed in the preconcentration of analytes in PADs by functionalizing the surface of the PADs to retain certain analytes. Although an extended amount of time (570 min) was needed to flow 1 mL of a solution in the distance-based PAD, the active flow should be more effective for a short channel length during preconcentration and flow analysis. This blotting-paper method generates a continuous flow in PADs without the use of either batteries or a pumping system, which increases the potential for use in field analysis applications.
